Abstract: Thermoplastic polyurethanes (TPU) are an important class of elastomers that found many novel and specialized applications where high mechanical and chemical performances are prerequisites. They are known for their good mechanical strength, wear and tear resistance, and low-temperature elasticity. The aim of this work is to study the viscoelastic behaviour of TPU, polypropylene (PP) and their blends using dynamic mechanical analysis. Blends of TPU+PP as well as samples of pure TPU and PP were prepared using a laboratory twin-screw extruder. Primary and secondary viscoelastic functions were determined. Primary viscoelastic functions, viz. storage modulus, loss modulus and loss tangent, were evaluated in the temperature range -100 to 250°C. The secondary viscoelastic functions creep, recovery and creep modulus were investigated in the creepfatigue regime at 25 -65°C. A master curve at the reference temperature 25°C for the creep modulus of TPU, PP and TPU+PP blends was created by applying the time-temperature correspondence principle. The obtained results are discussed.
Introduction and relation to previous work
Polymer blending is a useful technique for designing materials with a wide variety of properties. An important commercial advantage is that polymer blends offer a way to produce new materials by using already existing polymers, which thus reduces development costs.
Thermoplastic polyurethanes (TPUs) are microphase-separated systems composed of relatively flexible soft segments (SS) and stiff hard segments (HS). Soft segments consist mainly of polyethers or polyesters while the hard segment is composed of the diisocyanate component and the so-called chain extender, a low-molecular-weight diol. The hard segments are able to aggregate, forming separate microdomains with a regular crystallite-like structure consisting of chain segments aligned in parallel. The TPU domains are stabilised by hydrogen bonds between the NH group as donor and the carbonyl of another urethane group as acceptor [1] . The glassy or semicrystalline HS domains act as physical crosslinks and reinforcing fillers, while the SS phase causes flexibility. Microphase separation is never complete because the soft and the hard segments are covalently linked. However, its degree can be adjusted over a wide range via the parameters of synthesis as well as by using different hardphase components or by varying the relative lengths of soft and hard segments. Microphase separation strongly influences the morphology as well as the mechanical, thermal and electrical properties. By varying the amounts of hard and soft segments in TPU, the properties can be varied over a wide range and properties of blends also can be influenced. The properties of TPU can be improved by blending with other thermoplastic polymers. For this purpose, in this work we used polypropylene.
Polypropylene (PP) is a semi-crystalline polymer finding use in a wide variety of industrial applications mainly because of its ease of processing, chemical resistance, low density (typically 0.91 g/cm 3 ) and relatively low cost. However, its use has been limited by its poor impact properties, particularly at low temperatures, due to its high glass transition temperature and relatively high degree of crystallinity.
In general, blends are not thermo-rheological simple and every discussion on polymer blends should strictly specify the characteristics of the mixed components, the processing temperature and the whole history of the system's manufacturing cycle. The complete morphological structure of TPU is very complex since TPUs contain alternate soft and hard segments, so the morphology of their blends is much more complicated.
In our previous work [2] , miscibility and phase structure in blends of TPU and PP were investigated using differential scanning calorimetry (DSC). The thermal stability of the blends and the pure components of TPU and PP were investigated using thermogravimetric analysis (TGA/DTG). The obtained DSC results show that the TPU+PP blends are partially miscible. Thermogravimetric analysis results show that the incorporation of PP into TPU causes an increase in thermal stability of TPU: the initial degradation temperature of TPU was increased upon blending with PP.
Dynamic mechanical analysis has long been employed over a wide range of temperatures and frequencies in the study of the viscoelastic behaviour of polymers and provides valuable insights into the relationship between structure, morphology and composition of polymeric materials. Creep is an important and powerful method for evaluating the long term of life of polymer materials. Since many polymers show creep response, these effects need to be determined and included at the stage of design. In general, polymers are viscoelastic, hence their properties change with time. For obvious reasons, laboratory tests are of short duration such as several hours, while we need predictions of service performance and reliability for years. Fortunately, the so-called correspondence principles can be used for this purpose. The time-temperature correspondence (TTC) principle pioneered long ago by Ferry [3, 4] tells us that short-term isothermal tests at a number of temperatures can be used to predict long-term behaviour at a chosen temperature. This is still often done using the so-called WLF equation proposed by Ferry and co-workers in 1955 [4] .
Experimental part

Materials
The blend components used in the experiment were a thermoplastic polyester-polyurethane (TPU; Desmopan 300) and a polypropylene (PP; Novolen 1100 N). Both TPU and PP were commercial products of Bayer, Germany. The thermoplastic polyurethane was a block copolymer consisting of hard segments and polyester soft segments. The polypropylene was a homopolymer (melt flow index at 230°C: 12 g/ 10 min).
Preparation of blends
Two TPU+PP blends were made, consisting of 20 wt.-% and 80 wt.-% polypropylene (PP) homopolymer. A Haake Record 90 twin extruder with intensive mixing profile, Haake TW 100, was used for mixing and homogenizing TPU and PP. The temperatures of the four zones of the extruder were 150, 200, 200 and 150°C, and the frequency of rotation was 60 min -1 . The samples used for the measurements were prepared by moulding at 220°C.
Measurements
Dynamic mechanical analysis is a suitable technique that allows for the viscoelastic characterisation of polymeric systems. Dynamical mechanical properties of pure TPU, PP and TPU+PP blends were measured using a Dynamic Mechanical Analyser 983 TA Instruments.
The primary viscoelastic functions storage modulus (E'), loss modulus (E'') and loss tangent (tan δ) were measured at a constant frequency of 1 Hz as a function of temperature, varied within from -100 to 250°C with a heating rate of 10°C/min. The sample length between the clamps was approximately 15 mm. All the samples were cooled to -100°C using liquid nitrogen.
The secondary viscoelastic functions creep, recovery and creep modulus were investigated in the creep-fatigue regime at temperatures of 25, 35, 45, 55 and 65°C. For this purpose, constant stress was applied to the specimens at constant temperature for a period of 15 min. After that the stress was removed and recovery took place for the same period of time. For the next cycle the temperature was increased by 10°C. The equilibrium period for the next creep/recovery cycle was 5 min. Master curves were constructed for the reference temperature T ref = 25°C.
Results and discussion
In the present work DMA was used to study the dynamic mechanical behaviour of pure TPU, PP and TPU+PP blends. The work focuses on two aspects: the characterisation of the primary and secondary viscoelastic functions.
In Figs. 1 and 2 the loss modulus (E'') and tan δ are presented as functions of temperature for pure TPU, PP and TPU+PP blends. The results obtained by DMA are reported in Tab. 1.
The E'' vs. T curve for pure TPU shows one sharp intense peak at -34.8°C associated with the glass transition, T g , of the soft segment [5, 6] . For PP, the E'' vs. T curve exhibits three dynamic relaxation peaks at -45.3°C (γ), 26.9°C (β) and 92.3°C (α). It has been established that the β relaxation of polypropylene corresponds to the transition of the amorphous portions and the temperature of the maximum peak is assigned to the glass transition temperature (T g ) [7] . The relaxation that looks like a shoulder is related to the crystallites; it occurs due to the presence of 'rigid' amorphous molecules in the crystalline phase [7] [8] [9] [10] [11] . The γ-peak is due to motions of small groups like methyl and ethylene [7] [8] [9] [10] [11] . It can be seen in Fig. 1 that the blend containing 20 wt.-% PP (TPU+PP 80+20) exhibited two relaxation maxima attributed to the lower-temperature T g of TPU at -37.4°C and to the T g of PP at 22.6°C, which was lower than that of pure PP. It may be noted that the addition of 20% PP leads to a shift of the T g of TPU to lower values. Da Silvia at al. [12] concluded that this behaviour can be explained by the fact the inclusions of the elastomer have a higher thermal expansion coefficient than the PP matrix. Thus the cooling of the blend gives rise to a negative hydrostatic pressure that acts on the elastomeric particles and those thermal tensions that are generated can be responsible for the decrease of the glass transition temperature. After incorporation of 80 wt.-% of PP in TPU (TPU+PP 20+80 blend) three relaxation maxima were observed. The first maximum at -35.0°C is attributed to the glass transition of TPU, the second is a peak at 12.0°C associated with the T g of pure PP, and the third maximum at 91.4°C is attributed to the α-transition. The results show that as the content of PP increases in the blends, T g of PP was shifted to lower temperatures. The relaxation maximum that corresponds to the T g of PP broadens and decreases its intensity. The variation of tan δ with temperature ( Fig. 2 ) also shows the same trend as the loss modulus for all investigated samples. They show evidence of two-phase behaviour by a two-step descent in the modulus. The curve of storage modulus E' vs. temperature T for TPU is shifted to higher values of E' with the addition of PP. Therefore, the curves E' vs. T for the blends are between the curves of pure TPU and PP. At low temperatures the storage modulus of the TPU/PP 80/20 blend is beneath the pure TPU. This effect may be due to less interaction between soft and hard segments in pure TPU with incorporation of 20% PP, resulting in a higher flexibility of thermoplastic polyurethane and the lowest value of the glass transition temperature. This means that this effect prevails over the increase of rigidity by addition of rigid PP. In the TPU/PP blend with higher content of PP (80%), T g and storage modulus increased in comparison with the pure TPU. The shifts of T g 's in the examined blends as well as shifts of the E' vs. T curves for our blends indicate that the TPU and PP are partially miscible [13] [14] [15] . Similar results were obtained for TPU+PS blends [16] . The authors assigned it to the interaction of soft and hard segments of TPU with PS. In our TPU+ PP blends the slight changes of negative T g values, due to the soft segment of TPU, and the disappearance of the maximum at 40°C in the tan δ curve, associated with the hardsegment motions in TPU, as well as the decreasing T g of PP indicate that both soft segment and hard segments are included in the PP phase. These results of dynamic mechanical analysis are consistent with the results previously obtained by DSC and TGA analyses on the same samples [2] . Sample   25°C  35°C  45°C  55°C  65°C  25°C  35°C  45°C  55°C  65°C TPU/PP 100/00 The decrease of the creep modulus is faster at higher temperature. The master curves are shifted to higher creep moduli with increasing PP content. This is connected with molecular rearrangements, which become more pronounced with time and are faster at higher temperatures. In samples with higher PP content molecular rearrangements are reduced compared to samples with higher content of soft segments, i.e., higher TPU content [4, [17] [18] [19] . 
Conclusions
In the present study, we investigated the effects of blend composition and miscibility on the dynamic mechanical behaviour. The results show that as the content of PP increases in the blends, T g of PP was shifted to lower temperatures. The relaxation maximum that corresponds to the T g of PP broadened and its intensity decreased. The curve of storage modulus, E', vs. temperature, T, for TPU was shifted to higher values of E' with the addition of PP. Therefore, the curves E' vs. T for the blends are between the curves of pure TPU and PP. The shifts of T g values in the examined blends as well as shifts of the E' vs. T curves for our blends indicate that the TPU and PP are partially miscible. The results show that creep and recovery increase with temperature and time. The plot of log E vs. log t indicates that the curves are shifted towards lower values as the temperature increased. The results also show that at constant temperature the creep moduli of pure components and blends decrease with time. At isothermal measurements the creep modulus increases as the content of PP increases.
